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Contrary to a wide distribution of /y-glucosidase in plants, the occurrence of this

enzyme in insects seems to be rare, since neither utilization of /3-glucosides nor

presence of the enzyme activity has been often recognized in insects. Until re-

cently, the demonstration of this enzyme in insects has been discussed on the basis

of the utilization of /^-glucosides in growth experiments (see the review by Lipke

and Fraenkel. 1956). Studies of this enzyme from the enzymic points of view,

however, have been lately carried out with the wood louse Pored!io ( Newcomer,

1952, 1956) and the cockroach Periplaneta unierieuna (Newcomer, 1954). Ap-

plying a highly sensitive fluorimetric method for /?-glucosidase assay, Robinson

(1956) has demonstrated the occurrence of the enzyme in the locust Locitsta uii-

gratorla, the mealworm Tenebrio niulitor, the water-boatman Notonecta, the cock-

roach Periplaneta ainerieana, and the black aphis Aphis jubae. The occurrence of

this enzyme has also been reported for the bean weevil Callosobruchus ehinensis, the

bean blister beetle Epieanta (/or/mini, the silkworm Boiuby.v inori, and the wild silk-

worm Dictyoploca japoniea (Koike, 1954), and for the mealworm Tenebrio inolitor

(Fraenkel," 1955).

A few years ago the present authors became aware of the fact that the midgut

homogenate of the silkworm is able to hydrolyze salicin, but the digestive fluid gave

scarcely the same reaction. Recently, this problem was re-investigated to obtain

more detailed results. This report is mainly concerned with the occurrence of
/3-

glucosiclase in the silkworm midgut, its characterization, and partial purification.

A comparison of the enzyme activity of the normal larvae was also made with

amylase-free mutants, and with jaundice-diseased larvae.

MATERIALS AND METHODS

Practical methods of obtaining midgut homogenates have been previously re-

ported (Tto. Horie and Ishikawa, in press; Ito and Horie, in press). Homogenates

made in water were used directly in some experiments, but the acetone powder

made with midgut homogenates was used for most enzyme preparations. Midgut

homogenates made from middle fifth instar larvae were dehydrated by mixing with

7 volumes of chilled acetone and the precipitates were collected in a Biichner funnel

under suction. The precipitates were subsequently re-suspended in chilled acetone,

then separated from acetone with funnel as above. The precipitates were washed

by running alcohol-ether mixture (1:1) and brought to dryness in a vacuum desicca-

tor. The dried, pale-yellow cake was ground in a mortar and the acetone powder thus

made was used for enzyme tests. The powder was kept in racuo at 5 C. at least for

8 months without any loss of /}-glucosidase activity. Preparing the enzyme solu-

tion, the powder was suspended in water, allowed to stand for two hours at 5 C.,
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and the supernate, obtained after centrifugation at 10,000 X g for 10 minutes, was

used for the experiments.

Digestive fluid was collected from middle fifth instar larvae by applying a weak

electric shock to them. The fluid was either used for enzymic measurements directly

after dialysis against water at 5 C. for 48 hours, or after conversion to an acetone

powder.

Enzyme activity was assayed by measuring the amount of glucose liberated from

/?-glucoside in the reaction system. Salicin was used as a substrate in most ex-

periments, and cellobiose or phenyl /3-glucoside in some. Unless otherwise indicated,

each reaction mixture contained 200 pM citrate buffer (pH 5.4), 48 p.M salicin and

1.0 ml. acetone powder solution (total volume 4.0 ml.) and was incubated at 30 C.

for two hours. The reaction was stopped at intervals by adding an aliquot to

Ba(OH) 2
and ZnSO 4 ,

or Na
2
WO 4 . When cellobiose was used as the substrate,

the reaction was stopped by Na
2
WO 4 and H 2

SO 4 ,
and bakers' yeast then applied to

the supernate of the reaction mixture in order to remove fermentable sugar. Glucose

was determined mainly by the method of Hagedorn and Jensen (1923) and some-

times by Somogyi's procedure (1952).

Nitrogen was determined by the micro-Kjeldahl method.

RESULTS

Optimal pH range

The supernate obtained from an acetone powder suspension was incubated with

various buffers at different pH levels. As shown in Figure 1, almost no alteration

of pH optimum was found with different buffers. Optimal pH ranges were 5.0-6.2

for citrate and phosphate, and 5.2-6.4 for acetate. These ranges are more extended

than those reported for other insects (Newcomer, 1952, 1954, 1956; Robinson,

1956) and for plants (Veibel, 1950). The enzymic activity was relatively high at

a high pH level such as 7.0 or even 8.0, which has not been reported so far for other

species of insects. The measurement also showed that /3-glucosidase activity in

borate buffer was not reduced to zero at pH 9.4. It has been known that the pH

optimum of this enzyme is dependent on the source of the enzyme and to a minor

degree on the substrate and the buffer solution (VeibeL 1950).

Velocity of hydrolysis

The relationship between enzyme concentration and velocity of hydrolysis is

shown in Figvire 2, where the enzyme concentration was doubled, respectively,

from curve 3 to curve 1 (1:2:4). It is apparent that the rate of glucose libera-

tion is proportional to enzyme concentration. Figure 2 also shows that the reaction

proceeded at a uniform rate when enzyme concentration was relatively low.

In Figure 3 the effect of the concentration of the substrate on the enzyme activity

is shown. The curves were plotted according to the procedure of Lineweaver and

Burk (1934), i.e., the inverse of the activity against the inverse of salicin concentra-

tion. The Km value (the Michaelis constant) is 0.013 M, which is in accord with

the value reported for salicin (Veibel and Lilleluncl, 1938).

Inhibition by high temperature

The effect of high temperature on midgut /?-glucosidase is shown in Table I.

The supernate obtained from acetone powder suspension was treated at 40 to 70 C.
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FIGURE 1. Relationship between pH and /3-glucosidase activity. Phosphate buffer:
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FIGURE 2 (left). /3-Glucosidase activity as a function of time for different enzyme
concentrations.

FIGURE 3 (right). Relationship between /3-glucosidase activity and salicin concentration.

Borate buffer (pH 6.0). Total volume, 5.0 ml. Incubation, one hour. Enzyme activity

was expressed in terms of glucose liberated per dry matter on the basis of the same weight.
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TABLE I

Effect of high temperature on f)-glucosidase activity
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fore, added to the incubation mixture when a long period of incubation was

necessary.

Distribution of the actk'itv in the midgut

The activity of /8-glucosidase was compared among different parts of the mid-

gut, i.e.. anterior, middle, and posterior midguts. The measurement of the activity

was carried out with fresh homogenates and the results are shown in Figure 4. It

is evident that the majority of the activity is concentrated in the posterior midgut.

while a very low activity is found in the anterior and middle midguts.
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FIGURE 5. Change in /3-glucosidase activity during larval development. 1, spring rearing ;

2, summer rearing. Fresh homogenates were diluted to ]
/l> in spring, and % in summer. A,

fourth instar ; B, fourth molting period ; C, fifth instar ; D, cocoon-spinning period ; M, maturity.

sion of acetone powder was used. Therefore, an attempt was made to purify /?-

glucosidase of the midgut by means of ammonium sulfate precipitation. Subse-

quently, the precipitation procedure was repeated several times by increasing the

concentration of ammonium sulfate progressively. Table III shows one of the

results obtained. Acetone powder made with posterior midguts wras suspended in

water in the cold for four hours ; this suspension was used for the precipitation

experiment. The specific activity of this suspension was 1.83 and that obtained

with supernate after centrifugation at 12,000 X g for 10 minutes was increased al-

most three times, as seen in Table III. About 90 per cent of the original activity

was found in the supernate. Until 0.350 saturation, very slight activity was pre-

cipitated. Most activity was precipitated between 0.350 and 0.450 saturation and

the highest specific activity was obtained between 0.375 and 0.425 saturation. The

specific activity was increased to about 4 times that of the supernate, and 10 times

that of the original suspension. The application of ammonium sulfate precipitation

thus seems to be to some extent useful for the purification of ^-glucosidase.

TABLE III

Precipitation of 0-glucosidase by ammonium sulfate

Saturation of ammonium
sulfate
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Acetone powder used in the present study was recognized to possess amylase
and invertase, in addition to /3-glucosidase. An attempt was therefore made to

separate /3-glucosidase from amylase or invertase by means of ammonium sulfate

precipitation. The result showed that the precipitates at between 0.375 and 0.425

saturation contained all of three activities at almost the same level (/3-glucosidase,

56.5% ; amylase, 41.7% ; invertase, 57.0%).
Several methods have been presented for the standardization of /3-glucosidase

( Veibel, 1950) . An enzyme efficiency was obtained with a few fractions precipitated

by ammonium sulfate by the use of phenyl /?-glucoside as the substrate (final con-

centration, 0.052 If), according to the procedure by Helferich (1933, 1938). A
high value of enzyme efficiency, 0.898, was obtained with the precipitate at between

0.375 and 0.425 ammonium sulfate saturation, while 0.170 with the precipitate be-
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FIGURE 6. Distribution of /3-glucosidase activity after paper electrophoresis.

was expressed in terms of mg. glucose liberated.

The activity

tween 0-0.375 saturation, 0.154 with that between 0.425-0.700 saturation, and 0.095

with the original supernate of acetone powder suspension.

Furthermore, /3-glucosidase of the silkworm midgut was recognized to hydrolyze

cellobiose as the substrate.

Purification by paper electrophoresis

Robinson (1956) has applied a paper electrophoretic procedure for the separa-

tion of /?-glucosidase from /3-glucuronidase in the locust-crop fluid. A similar

procedure was also tested with /?-glucosidase from the silkworm midgut. Either an

acetone power supernate or the precipitate at 0.425-0.450 saturation of ammonium

sulfate was used for the experiment. An enzyme fraction was subjected to elec-

trophoresis on filter paper (Toyo No. 51)3 cm. >< 30 cm. in 0.1 AI phosphate buffer

at pH 5.8, 150 volts, 5 ma., for 8 hours. Subsequently, the paper was cut into half

along the long side of the paper. One of the divided strips was dried and suspended
in the staining solution (Amido Black) for proteins, and the other was cut into
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one-cm, sections starting from the original spot, each section being chopped into

small pieces which were immediately placed into a test tube with 1.0 ml. of phosphate

buffer (pH 5.8). The test tube was kept at 5 C. for 5 hours to extract the enzyme,

then heated to 37 C. with the addition of an appropriate amount of salicin solution

(final concentration, 0.0125 M). After a 16-hour incubation, the amount of sugar

liberated was determined. The results of the enzymic test, as well as of the staining

test on the precipitate by ammonium sulfate, are shown in Figure 6, where the

/3-glucosidase activity is shown in the form of histograms. /3-Glucosidase appeared
in the locations corresponding to the staining test on the other strip. Little activity

was found at the original point, where a protein band remained. However, when

the whole midgut suspension was used, another two protein bands were recognized

on the paper, which were considered to have been removed by the procedure of the

precipitation with ammonium sulfate. The separation of invertase from /3-gluco-

sidase by electrophoresis was unsuccessful.

(3-Glucosidase activity in the inidynt oj jaundice-diseased lurrac

Two types of polyhedroses are known to occur in the silkworm, one of which is

called cytoplasmic polyhedrosis, with the formation of the polyhedral bodies in the

midgut cytoplasm. Several days after the infection, midgut tissue becomes white,

which is a typical svmptom of this disease. /i-Glucosidase activity was compared
between normal and infected larvae. The activity was always lower in diseased

larvae reduced to 61 per cent of the normal larvae (incubation period, two hours)

and 82 per cent (incubation period, 6 hours ).

fl-Glucosidase uetii'itv in the digestive fluid

The activity of the digestive fluid per unit nitrogen of early fourth instar larvae

was one-third that of the midgut or less, while that of late fourth instar and fifth

instar larvae was less than one-tenth that of the midgut. /?-Glucosidase activity

was also recognized in the digestive fluid of the amylase-free strain, which is de-

ficient in amylase activity in the digestive fluid. The experiment performed at the

same time showed that the midgut of the amylase-free strain possessed the same

level of activity of /?-glucosidase as the normal strain.

DISCUSSION

The exact physiological role of /3-glucosidase of the silkworm midgut in diges-

tion is at present not well understood. The enzyme activity on the basis of the

same unit is, however, higher in the midgut than in the digestive fluid. This seems

to suggest that /?-glucosidase in the midgut cells is of rather more importance than

that in the digestive fluid. The optimal pH of midgut /^-glucosidase ranges ap-

proximately 5.0 to 6.4, while an effort was unsuccessful to determine its range in

the digestive fluid. A possible role of /3-glucosidase in the cells of the midgut in

digestion is also deduced from the fact that the pH value of the digestive fluid is

strongly alkaline, as much as 10.0. The movement of food through the gut is

generally fast in the silkworm larva, occurring within a few hours. Thus, even

though the degree of participation of this enzyme in digestion as a whole is still
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unknown, the possibility remains that the mulberry carbohydrates which have not

been completely hydrolyzed in the lumen of the gut might be hydrolyzed after

absorption in the midgut tissue. It is interesting from the standpoint of compara-

tive physiology that the intercellular enzyme might participate in the digestion. Al-

though conclusions drawn from a study of enzyme alone are generally open to

question in regard to the physiological role in intact organs, a good correlation was

found between pure compounds supporting growth and the presence of digestive

enzymes in insects (Day and Waterhouse, 1953). Koike (1954) could not demon-

strate cellulase in the digestive tract of the silkworm and Hiratsuka (1917) has

shown that cellulose is not utilized by silkworm larvae. This is the same situation

as reported for the hepatopancreas of Porcellio (Newcomer, 1956) where an activ-

ity of /3-glucosidase was demonstrated without that of cellulase. /?-Glucosidase of

the midgut or of the digestive fluid of the silkworm seems to hydrolyze /3-glucosides

contained in the mulberry leaves. A few papers have been so far published on

glucosidic compounds in the mulberry leaves
; recently Hamamura and Naito (1956)

isolated arginine /?-glucoside and the presence of glucosides of the pigment has

also been reported (Oshima and Nakabayashi, 1951). There is no doubt that these

glucosides and possibly other not yet identified glucosides are utilized by the larvae.

The results on the characterization experiments suggest that the /2-glucosidase of

the midgut is very much similar to that in plants (Veibel. 1950). The enzyme

efficiency of /3-glucosidase of the midgut is rather higher than that obtained with

plants (Pigman, 1946).

A variation in the digestive enzyme activities of different parts of the midgut, as

well as in the ability of the absorption of the nutrients, is well known in insects (Day
and Waterhouse, 1953; Waterhouse and Day, 1953). The physiological or diges-

tive differentiation in the different portions of the midgut of the silkworm is still

not well known in many respects. However, the highest activity of /?-glucosidase

was found in the posterior midgut (Fig. 4). Matsumura and Oka (1935) have

shown that the activity of amylase or invertase is also the highest in the posterior

midgut. The glycogen content is increased most markedly in the posterior midgut

after sugar ingestion (Horie and Tanaka, 1957) and the highest phosphorus metab-

olism was obtained also in this portion (Ito, Horie and Tanaka, in press).

The authors wish to express their thanks to Prof. G. S. Fraenkel of the Uni-

versity of Illinois for reading the manuscript.

SUMMARY

1. The presence of a /2-glucosidase was demonstrated in the midgut of the silk-

worm larva, Bomby.r tnori.

2. The enzyme has a pH optimum of approximately 5.2-6.2 and the Km value

was 0.013 with salicin as a substrate.

3. The action of the enzyme was slightly inhibited at a temperature of 40 C.,

and strongly inhibited at 70 C. An inhibition by silver or mercury salts was also

observed, while no inhibition was found by organic acids. No activation by toluene

was demonstrated.

4. Most of the activity in the midgut was concentrated in the posterior portion.
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5. The enzyme activity varies according to larval growth, being lower at the

beginning of the fifth instar, higher after the middle of the instar, and again lower

during cocoon-spinning.

6. The enzyme activity was concentrated 10 times by means of ammonium

sulfate precipitation at a saturation of 0.375-0.425. Separation by the paper elec-

trophoretic method was successfully applied for this fraction, but it was unsuccessful

for separating /?-glucosidase from other enzymes.

7. Virus-infected larvae showed a decrease in enzyme activity, compared with

normal larvae.

8. /?-Glucosidase activity in the digestive fluid was much lower than that in the

midgut. A mutant, amylase-free strain possessed in the digestive fluid the same

level of /?-glucosidase activity as the normal one.
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